SUMMARY
Skin vibrations sensed by tactile receptors contribute significantly to the perception of object properties during tactile exploration [1] [2] [3] [4] and to sensorimotor control during object manipulation [5] . Sustained low-frequency skin vibration (<60 Hz) evokes a distinct tactile sensation referred to as flutter whose frequency can be clearly perceived [6] . How afferent spiking activity translates into the perception of frequency is still unknown. Measures based on mean spike rates of neurons in the primary somatosensory cortex are sufficient to explain performance in some frequency discrimination tasks [7] [8] [9] [10] [11] ; however, there is emerging evidence that stimuli can be distinguished based also on temporal features of neural activity [12, 13] . Our study's advance is to demonstrate that temporal features are fundamental for vibrotactile frequency perception. Pulsatile mechanical stimuli were used to elicit specified temporal spike train patterns in tactile afferents, and subsequently psychophysical methods were employed to characterize human frequency perception. Remarkably, the most salient temporal feature determining vibrotactile frequency was not the underlying periodicity but, rather, the duration of the silent gap between successive bursts of neural activity. This burst gap code for frequency represents a previously unknown form of neural coding in the tactile sensory system, which parallels auditory pitch perception mechanisms based on purely temporal information where longer inter-pulse intervals receive higher perceptual weights than short intervals [14] . Our study also demonstrates that human perception of stimuli can be determined exclusively by temporal features of spike trains independent of the mean spike rate and without contribution from population response factors.
RESULTS
The current study consists of a series of three linked experiments that first address a fundamental sensory encoding question about whether the temporal structure of spike trains determines perceived frequency of vibrotactile stimuli and then tests a possible encoding mechanism in two subsequent experiments.
Is Temporal Structure of Spike Trains a Key Factor in Determining Frequency Perception?
The aim of the first experiment was to investigate how the temporal structure of spike trains that consist of periodic clusters of multiple spikes (resembling responses to high-amplitude vibration) influences the perception of vibrotactile frequency. It addresses the sensory processing challenge of how afferent inputs are interpreted so as to achieve constancy of frequency perception, regardless of variation in mean spike rates of single afferents and the afferent population. The spike rate in a single afferent depends on the vibration amplitude [15, 16] ; at amplitudes above the tuning threshold, the afferent becomes entrained and generates one spike per sinusoidal vibratory cycle (1:1), and so the mean spike rate would indeed represent the frequency; however, it may instead be double or triple that rate at higher vibration amplitudes of the same frequency [15, 16] . Thus, it is unlikely that the rate code alone would be sufficient to explain vibrotactile frequency encoding. Nevertheless, until now, due largely to methodological limitations, it has not been possible to demonstrate how the temporal structure of spike trains is interpreted by the nervous system. The main obstacle has been that changes in the frequency of a sinusoidal stimulus concurrently entail complex changes in the population of afferents responding, making it impossible to tease out the effect of temporal features of the afferent response and assess quantitatively how they influence the perceived frequency of vibrotactile stimuli. We were able to investigate this question by using brief pulsatile mechanical stimuli (see, for example, [17] ) to generate an arbitrary pattern of spike trains in the responding afferents without affecting any other parameters of the afferent population response.
Four different stimuli were tested ( Figure 1A , 1-4) designed to evoke spike trains consisting of periodic bursts of two to four spikes spaced 4.35 ms (stimuli 1-3) or 8.70 ms (stimulus 4) apart. In the current study we focused on the perception of vibrotactile stimuli within the frequency range referred to as a flutter (5-60 Hz) [16] ; higher-frequency ranges were not considered to avoid possible confounding effects by primary afferent refractoriness and adaptation over time of testing. Due to the stereotyped nature of the pulsatile mechanical stimuli, and their short duration, which is comparable to the refractory period of the action potential, each mechanical stimulation event generated only a single time-controlled spike in each responding peripheral afferent regardless of repetition rate (see STAR Methods). To illustrate this, we obtained single tactile afferent recordings in human subjects using microneurography ( Figure 1B , left panels; Figure S1 ). Cycle histograms showing binned spike count (right panels in Figure 1B ) demonstrate the reliable firing of the afferent, reproducing the precise stimulus pattern within each vibrotactile stimulation cycle, over the 1 s stimulus period.
Were the mean spike rate to determine the perceived frequency, there would be significant differences between the perceived frequencies for the four stimuli (ranging from 46 to 92 Hz). Alternatively, if a temporal feature of the spike train related to its periodicity such as the burst rate determines the perceived frequency, then all four stimuli would be perceived to have equal frequency (23.0 Hz, the burst rate). Perceived frequency for the four stimuli was measured in psychophysical experiments as the point of subjective equality (PSE) in a forced-choice comparison with regular pulses designed to evoke spike trains with uniform inter-spike intervals (equivalent to one spike per cycle; see STAR Methods and Figure S2 ). In contrast to our expectations, the perceived frequency of the four stimuli (Figure 2A , boxplots) could be explained by neither the mean spike rate (green arrowheads), nor the burst rate (purple arrowheads). For example, stimulus 1, which consisted of two spikes per burst, resembling the afferent response when two spikes are generated per sinusoidal cycle, did not cause a doubling of the perceived frequency, which instead only increased by about 10% (25.3 Hz; Table  S1 ). The most dramatic difference between the perceived frequency and that predicted by the mean spike rate was with stimulus 3, which had a quadrupled spike count. If these spikes were evenly spaced, the perceived frequency would be 92.0 Hz, but the PSE in our experiment was only 32.5 Hz-almost 3-fold lower ( Figure 2A, stimulus 3 ). This dramatic effect presents the first direct unequivocal evidence that the temporal structure of the spike train in tactile afferents does determine the perception of vibrotactile frequency within the flutter range in humans.
The only stimulus property that matched the perceptual experience was the reciprocal of the longest inter-spike interval t L (Figure 2A , blue arrowheads). This inter-spike interval is the silent period between successive bursts of neural activity (indicated as t L in Figure 1A ) and is henceforth referred to as the burst gap. There was a very close match between the perceived frequency and predicted frequency based on the duration of the burst gap ( Figure 2B ; R 2 = 0.93, df = 4 for the goodness of fit to the identity line, slope = 1, intercept = 0).
Does Spike Number within a Burst Determine the Perceived Frequency?
Although the subjects reported that frequency perception was clear and that they could make a judgment regardless of other cues, we had to exclude the possibility that the variation in the number of spikes may have acted as an intensity cue and confounded frequency perception. The aim of experiment 2 was to determine whether the number of spikes in a burst biased the subjects making their frequency judgments. Stimuli 1d-4d (see Figure 3A ) had the duration of the silent period between bursts identical to stimuli used in experiment 1 (Figure 1 ), but the number of spikes in a burst was fixed at two (a doublet). We used the same psychophysical methods to determine the perceived frequencies of this set of stimuli and found they were no different from corresponding stimuli with multiple spikes in experiment 1 ( Figure 3B ; Table S1 ). Two-way repeated-measures ANOVA (excluding stimulus 1 and 1d as they were identical between the experiments) indicated that there was a statistically significant main effect by the duration of the burst gap onset latency is the time from when the command was sent to the stimulator at the beginning of each burst to when the spike was recorded from the median nerve at the wrist level; spike jitter was less than 1 ms. See also Figure S1 .
(p < 0.0001, F 2,44 = 104, accounting for 66% of total variation), but no effect by the number of spikes in the burst (p = 0.23, F 1,22 = 1.52, accounting for 1% of total variation), with no interaction effect (p = 0.43, F 2,44 = 0.87). Thus, corresponding stimuli with different numbers of spikes in a burst yielded the same PSEs, which indicates that the number of spikes within bursts does not determine the perceived frequency.
What Defines a Burst?
We next investigated how closely two spikes must follow each other to be treated as a burst within the flutter frequency range. In experiment 3, we used a set of stimuli that created spike trains consisting of repeating patterns of one doublet with a short interspike interval followed by one long inter-spike interval. Different durations of the shorter inter-spike interval (t S ) ranging from 4.35 to 65.25 ms were tested. The duration of the longest inter-spike interval was the same (t L : 87.00 ms; representing the burst gap) for all stimuli in the set ( Figure 4A ). The prediction from the proposed burst gap code is that, while two spikes in a doublet follow each other closely enough to be treated as a burst, the duration of the shorter inter-spike interval will have no effect on the perceived frequency, which will be solely determined by the duration of the burst gap and equal to 11.5 Hz ( Figure 4B , blue line). The experimental data showed that there was a complex relationship between the duration of the shorter inter-spike interval (t S ) and the perceived frequency ( Figure 4B , orange line). The joinpoint regression model [18] algorithm (see STAR Methods) determined that the psychophysical data were best explained by a curve divided into three linear segments, the first extending from data points at 4.35 to 13.05 ms, the second from 13.05 to 30.45 ms, the last from 30.45 to 64.95 ms. The initial segment had a slope not significantly different from zero (p = 0.71); the other two segments had slopes significantly different from zero (0.26 and À0.07; p < 0.0002). We interpret this to mean that while the inter-spike interval between successive spikes is short (up to about 15 ms) they are grouped into a burst and the burst gap code ( Figure 4B , blue line) provides a satisfactory explanation of the data. As the duration of the shorter inter-spike interval increases beyond 15 ms, the propensity for two consecutive spikes to be regarded as a burst gradually decreases, and eventually each individual spike becomes attributed to a separate vibrotactile sensory event that contributes to the perceived frequency. Consequently, the inter-spike interval between these individual spikes beyond 30 ms becomes essentially analogous to the burst gap yielding a result equivalent to the mean spike rate ( Figure 4B , green line). Table S1 .
DISCUSSION
The current study contributes to the mounting evidence that the temporal structure of spike trains is essential for vibrotactile frequency perception. Our experiments clearly demonstrate that features of stimuli reflected in the temporal pattern of afferent responses do determine perception and thus must be utilized at some levels of neural processing. This remains true, regardless of any possible subsequent conversion to other coding schemes. Most importantly, for the first time it reveals some essential principles about how this temporal information is interpreted in the tactile system shaping perception. Previous experimental evidence suggested that, along the path from primary afferents [19] to cuneate nucleus [20] , thalamus [21] , S1 [22] , and higher centers, temporal and rate coding mechanisms may both contribute to stimulus discrimination. Experiments using periodic and aperiodic vibrotactile stimuli have demonstrated that neurometric curves based on the mean spike rates of cortical neurons were sufficient to explain trained monkeys' performance in a frequency discrimination task [7] [8] [9] [10] [11] . More recent work suggests that the mean spike rate may operate over relatively short time periods such as 200 ms, enabling discrimination between certain patterns of neural activity that have identical rates over a 1 s period [23] . On the other hand, in the human ability to discriminate stimuli such as diharmonic and noise waveforms, the timing of individual spikes plays a significant role, both at the level of peripheral afferents [13] and neurons in the somatosensory cortex [12, 24] . Our new findings point to a way to reconcile the literature in regard to the importance of temporal features of the spiking pattern versus the mean discharge rate in different experimental contexts. For example, studies by Romo's group that showed a predominant role for the mean spike rate code used 20-ms-long single-cycle mechanical sinusoid pulses to stimulate fingertips with a minimum inter-stimulus interval of 20 ms [8, 10] , which accords with the time interval in which we found the burst gap code begins to provide frequency perception similar to the mean rate code. Conversely, we note that the work demonstrating a significant role for temporal coding used frequencies of 50-1,000 Hz [13] , corresponding to inter-spike intervals shorter than 20 ms. We have also confirmed that perception is not primarily determined by spiking pattern periodicity [8] but instead is determined by duration of individual inter-spike intervals [13] .
A vibrotactile frequency perception mechanism based on the longest inter-spike interval does not detect the true periodicity of skin vibrations, which, for example, a burst rate code might do. However, unlike periodicity-based codes, this might represent a more universal method of encoding naturalistic complex vibratory patterns during surface-structure exploration or when detecting and acting upon mechanical events during object manipulation. Although experimental stimuli used to study the nervous system and in clinical diagnostic tests rely on pure frequency vibration, the majority of naturally occurring vibrotactile stimuli have a complex frequency composition. The advantage of the coding scheme that relies on individual inter-spike intervals is that it is potentially suitable for application to various types of stimuli with complex frequency compositions, or even those without fixed periodicity.
The significance of temporal features of spiking activity appears to be a shared characteristic between sensory systems [25] . It has been demonstrated that temporal frequency channels are linked across audition and touch [26] , and several tactile analysis mechanisms are envisaged to be analogous with the auditory system [27] . Indeed, the phenomenon that inter-spike intervals of longer duration receive higher weights than short ones has been previously documented in the auditory system [14, 28] . The experimental techniques largely resembled our approach: pulse trains were presented acoustically to normal listeners and electrically to users of a cochlear implant, while place-of-excitation was held constant. The similarities of this new temporal coding mechanism with those reported in the auditory system also seems consistent with the substantial evidence that spike timing plays an important role across a variety of neural systems such as in encoding of complex stimulus features [4, 19, 22, [29] [30] [31] , underpinning essential processes in learning [32] , and contributing to neuronal information processing and pattern recognition [33] [34] [35] [36] [37] . Finding and studying the neural circuits that give rise to the performance observed in the current study may help further our understanding of the general significance of this form of sensory processing in somatosensory and auditory systems [27] .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Research subjects were healthy volunteers aged 20 to 43 without any known history of neurological disorders which would affect the somatosensory system. Ethics approval was obtained from the UNSW Human Research Ethics Committee, and all subjects signed a consent form. Twelve different subjects were tested in each of three Experiments (1-3) . The gender breakdown in three experiments was 7/5, 7/5 and 9/3 male/female, respectively. In Experiments 1 and 2 two subjects were the authors, while the other subjects were naive to the research objective. The sample size was determined by pilot studies to determine effect size, and according to accepted practice in psychophysical experiments. The microneurography experiments were performed on 6 subjects (4 males, 2 females).
METHOD DETAILS
Experimental design
The pre-specified hypothesis was that the perceived frequency would not be directly related to the rate of impulse activity in the peripheral afferents. The results from Experiment 1 suggested an additional hypothesis: that the perceived frequency is determined by the burst gap.
The study was a controlled laboratory experiment involving behavioral measurements of the ability to discriminate different vibrotactile frequencies. Measurements were made by recording button presses indicating which of the test-comparison stimulus pair was perceived to have the higher frequency.
Spike train generation
Spike trains with desired temporal features were generated using short pulsatile mechanical stimuli delivered using an Optacon piezoelectric bimorph pin-array stimulator (Telesensory Systems, Silicon Valley, USA). Each mechanical pulse is a reproducible and uniform event which ensures that the same population of afferents will be excited regardless of the rate at which these pulses are repeated. Optacon pins were controlled by a custom-built interface that enabled switching individual pins on/off during each 4.35 ms long cycle set by the internal circuits of the device. The block containing the pin array was removed from the body of Optacon and mounted on a cantilevered arm to maintain 35 g contact force on the fingertip. The Optacon amplitude dial was set to maximum, which produces 60 mm pin excursion under no-load condition. Stimuli were delivered by two active pins 2 mm apart in the same row to the tip of the index finger of the dominant hand.
afferents were identified by their receptive field location and by their afferent class, based on the response to sustained indentation and mechanical thresholds measured with monofilaments (Semmes-Weinstein Aesthesiometers, Stoelting, Chicago, IL). The recordings were obtained from 16 tactile afferents -six fast adapting afferents (5 FA-I and 1 FA-II) and 10 slowly adapting afferents (8 SA-I and 2 SA-II). Various stimulation patterns were tested. When optimally positioned, the mechanical pulse evoked a single spike in responding FA afferents while no response was observed in SA afferents. The responding afferents faithfully reproduced the stimulation pattern over prolonged periods of testing compatible with the duration of our psychophysical experiments. We tested how reliably the afferent is capable of generating spikes at high repetition rates, as shown in Figure S1 which has inter-spike interval histograms for one FA afferent (different from afferent shown in Figure 1B) . The data shown are obtained stimulating the afferent at the two highest repetition rates used in the current study. When stimulation pulses were applied only 4.35 ms apart ($230 Hz) for 10 s, 2300 successive mechanical pulses generated 2300 time-locked spikes with minimal jitter due to the short duration of the stimulation pulse. In comparison, the highest number of successive pulses 4.35 ms apart used in experiments described in the current paper was only 4 (compared with the 2300 exemplified in Figure S1A ). Figure S1B shows the inter-spike interval histogram for the same afferent excited by mechanical pulses 8.7 ms apart applied for 10 s (1150 pulses in total).
Psychophysical experiments PSE for each stimulus was obtained by a two-interval forced choice paradigm. Test stimuli were compared with regular trains of pulses, applied for 1 s each, in random order, separated by 0.5 s. The subject had 3 s to indicate which stimulus had higher frequency by pressing one of two buttons. Noise delivered via headphones masked auditory cues. To obtain the psychometric curve, test stimuli were compared 20 times each against six regular train stimuli with uniform inter-stimulus intervals. Data were recorded by button press using PowerLab/LabChart (ADInstruments, Sydney, Australia), then exported to Excel (Microsoft, USA).
For each comparison frequency, we calculated the proportion of times the participant responded that it was higher in frequency than the test stimulus (P H ). The logit transformation (ln(P H /(1-P H ))) was applied to produce a linear psychometric function using standard methods [39] (see example in Figure S1 ). Perceived frequency is represented as the PSE (point of subjective equality) which is the value of the comparison frequency that is equally likely to be judged higher as judged lower than the test stimulus; it was determined as the frequency at the zero crossing of the logit axis determined from a regression line fitted to the logit transformed data.
QUANTIFICATION AND STATISTICAL ANALYSIS
Linear regression was performed on the data shown in Figure 2B to determine if the burst gap model provided a satisfactory explanation of the experimental data (R 2 and df reported in the text; n values representing number of subjects given in Figure 2 legend; mean, median, min, max, 25 and 75 percentiles shown in Figure 2A ). Two-way repeated-measures ANOVA was used on the data in Figure 3B to determine if the data were better explained by the number of spikes or by the burst gap or an interaction of these factors (p and F values including degrees of freedom are reported in the text; n values representing number of subjects given in Figure 3 legend; mean PSEs with 95% confidence intervals shown in Figure 3B and given in Table S1 ). Prism 7 (GraphPad Software, USA) was used for these analyses. We used the joinpoint regression model [18] implemented by Joinpoint Trend Analysis Software (v 4.2.0.2, National Cancer Institute, USA) to determine the appropriate number of linear segments to fit to the data of Figure 4B . After determining that two joinpoints gave the best explanation, the joinpoint fit for the slope values was based on 13 observations, with 6 parameters -three slopes and three intercepts (p values and significant slopes reported in the text; n values representing number of subjects given in Figure 4 legend; mean PSEs and confidence intervals shown in Figure 4B ).
